We have used a ground-based microwave radiometer, known as a water vapor radiometer, to investigate the local spatial and temporal variation of the wet propagation delay for a site on the west coast of Sweden. The data were obtained from a wide range of azimuths and from elevation angles greater than 23.6 ø (air mass 2.5). Visual inspection of the data suggested a simple "cosine azimuth" variation, implying that a first-order gradient model was required. This model was adequate for short time spans up to approximately 15 min, but significant temporal variations in the gradient suggested to us that we include gradient rate terms. The resulting six-parameter model has proven adequate (rms delay residual ,-.,1 mm) for up to 30 min of data. Assuming a simple exponential profile for the wet reftactivity gradient, the estimated gradient parameters imply average surface wet-refractivity horizontal gradients of order of 0.1-1 N km -• . These gradients are larger, by 1-2 orders of magnitude, than gradients determined by others by averaging over long (•.,100-km) distances. This result implies that for applications that are sensitive to local gradients, such as wet propagation-delay models for radio-interferometric geodetic studies, the use of meteorological data from widely spread stations may be inadequate. The gradient model presented here is inadequate for ames longer than about 30 min, even if no gradients are present, because of the complicated stochastic like temporal behavior of the wet atmosphere. When gradients are present, they can change magnitude by ,--,50% over 10-15 min. Nevertheless, our ability to fit the radiometer data implies that on timescales <30 min and for elevation angles >23.6 ø, the local structure of the wet atmosphere can be described with a simple model. Another method undergoing development for estimation of the wet delay is based on ground-based microwave radiometry [Resch, 1984; Elgered etal., 1991]. A radiometer used specifically for the purpose of estimating the wet delay is known as a "water vapor radiometer," or WVR. Were this method to 1003 
other geophysical information is currently very long baseline interferometry (VLBI). The primary observable of geodetic VLBI is the wideband group delay, which for current systems has a measurement uncertainty of --,30 ps or less.
In order to account for the atmospheric propagation effects of the group delay, some combination of modeling and estimation is usually used. One of the least tractable problems is the effect of water vapor on radio propagation. Because humidity at altitude is not generally well con'elated with surface humidity IReher and Swope, 1972], models for the "wet delay" based on measured surface quantities are inaccurate [Elgered, 1982] . The problem is complicated by the extreme and rapid time variability of the water-vapor distribution, and hence the wet delay, at any site. Recently, stochastic filtering techniques have been successfully applied to the analysis of VLBI group delay data [Herring etal., 1990] .
Another method undergoing development for estimation of the wet delay is based on ground-based microwave radiometry [Resch, 1984; Elgered etal., 1991] . A radiometer used specifically for the purpose of estimating the wet delay is known as a "water vapor radiometer," or WVR. Were this method to prove accurate enough, its use could improve the accuracy with which site positions (especially, the vertical coordinate) are determined. Another potential advantage of such a method is that it could sense spatial, that is, horizontal, variations in the propagation delay. For example, Dixon and Kornreich Wolf [1990] This paper describes our investigation of horizontal variations in the radio refractivity of air using WVR data. In the following sections we first describe the WVR data used for the analysis. We then develop a simple model for the horizontal variations suggested by visual examination of the WVR data and use the WVR data to estimate parameters of the model. Finally, we discuss the implications of our results for the instrumental calibration of the WVR and for estimating horizontal variations in the hydrostatic (mainly dry) component of the atmospheric propagation delay.
WATER VAPOR RADIOMETERS
In this section, we briefly discuss the determination of the wet propagation delay from radiometric data and present examples of wet delay estimates. The subsection on WVR algorithms can be sldpped by those familiar with this topic.
WVRs used
A water vapor radiometer is a multichannel microwave radiometer. When the WVR has only two channels, the frequency band of one is centered near (but slightly off center from) the 22-GHz rotational line of water vapor, whereas the frequency band of the other channel is located well off the line (typically near 31 GHz). The operating characteristics of the two WVRs used in this study are given in Elgered et al. [1991] . The first WVR, ASTRID, is a dual-frequency (21.0 and 31.4 GHz) WVR located permanently at the Onsala Space Observatory on the Rfi6 peninsula on the west coast of Sweden (Figure 1) . J03, the other WVR, has three channels, but for this study we will make use of only channels 1 and 3 (20.7 and 31.4 GHz). J03 was brought to the Onsala site in June and July 1988 for a side-by-side comparison with ASTRID.
The J03 data used here were obtained during this period.
WVR algorithms
Each channel of each WVR is used to measure (independently) the emission from the sky in the frequency band associated with that channel. Each WVR is designed to output a digital signal proportional to the observed sky brightness temperature Tt,, which is related to the optical depth 'too (in the direction the WVR is pointed) by the equation of radiative transfer [Chandrasekhar, 1960] The problem of linearity is solved by using not Tt, directly but by solving (1) for 'too. From (2), we can see that this quantity is linear in the integrated emissivity. Alternatively, some investigators use the "linearized brightness temperature" [Wu, 1979] .
For water droplets small with respect to the WVR wavelengths (<< 10 mm), the emissivity of liquid water has a frequency-squared dependence [Staelin, 1966; values for pressure and temperature at the surface [Wu, 1979] .
In order to use radiometry for studies of the refractive index, one seeks a relationship between the contribution of water vapor to the absoiption and the refractive index. There is, in fact, no unique relationship, but in one method one expresses the water vapor absorption av as a linear function of the wet refractivity 
The weighting function approach described by (3) is successful primarily because both av and Nv vary (approximately) linearly with the density of water vapor. (See, e.g., Staelin [1966] for expressions for av and Boudouris [1963] for those for Nv. Also, see Liebe [1989] for a discussion of higher-order terms.) Thus the weighting function W(s) has a weak dependence on the density of water vapor and therefore does not vary much from day to day or spatially. Integrating both sides of (3) where the bar indicates average, in this case weighted by the wet refractivity, and AL is the "wet delay" [e.g., Davis, 1986] . In practice, (5) is not used directly. As mentioned above, a liquid-free observable is first formed. The resulting expression looks like (5), except the left-hand side has a liquid-free linear combination of the total opacities obtained at different frequencies, and W becomes a dual-frequency weighting function [Wu, 1979] . The refractivity, and hence the wet delay, have no significant dependence on frequency in the range 0-50 GHz [Liebe, 1985 [Liebe, , 1987 .
In order to determine values for W, radiosonde data are used. One needs expressions for the absorption and refractivity as a function of pressure, temperature, humidity, and (in the case of absorption) frequency. Such expressions can be found in, for example, Liebe [1985, 1987] . Linear regression is applied to radiosonde data for a given site to determine the values for W as well as its dependence upon surface temperature and pressure. The best retrieval algorithms devised yield root-mean-square (rms) errors of 1-2 mm for the zenith direction using four years of radiosonde observations obtained twice per day [Johansson et al., 1987] .
A source of error not revealed by the regression rms arises from deficiencies in the expressions for the refractivity and absorption coefficients. The uncertainty due to errors in the refractivity formula is less than 1% [Davis et al., 1985] . On the basis of comparison of different expressions available, Elgered et al. [1991] estimated that the uncertainty in estimated wet delay due to errors in the expressions for the absorptions is about 5% of the wet delay. In this study we are interested in variations of the wet delay, so the effect should be scaled; that is, the uncertainty in the variations will be about 5% of the total variation. 
In ( 
where n refers to north and e to east (and fi and •' to unit vectors in those directions). The quantity e t is the "refracted" elevation angle and will be discussed below; however, the difference between e and e t is significant only for low elevation 
The data used for this study were all obtained from elevation angles of 23.6 ø or greater (i.e., from an air mass of 2.5 or less).
At this lowest elevation angle, the difference between e and e t is less than 3 t, a value too small to affect our results. We include this correction only for the sake of generality and for use in "extrapolating" these results to greater air masses. where E, the "delay gradient," is defined in Table 1 The inclusion of time dependence therefore adds only one new estimable parameter, which we will call VL (see Table 1 
The added parameters are the components of E, the gradient rate.
Figures 6 and 7 show examples of WVR data and the resulting fits to (22) for different data sets. Figure 6 shows the same data presented previously. The combined fit using (22) gives the same weighted root mean square (wrms) residual as when then four-parameter model was fit separately for each scan. The estimated parameters for this fit are also shown in Table 2 ("solution d"). From this table it can be seen that, whereas the estimate of the gradient from the combined fit using the four-parameter model ("solution c") is approximately the average of the gradient from the two groups, when the sixparameter model is used, the gradient begins at the value for the first group and then increases at a rate of approximately 0.2 mm min -l. Figure 7 shows a case for which the WVR was performing neither simple azimuth scans nor simple elevation scans. In this case, the pattern within the data is difficult to interpret.
From the residuals to a fit of (22) to these data, however, one can see that the hidden elevation, azimuth, and time dependencies are well modeled by (22). The wrms residual for these data is also 0.7 mm.
The model in (22) does not represent a full second-order Taylor expansion, and it does not satisfy the frozen turbulence hypothesis. A full second-order Taylor expansion would begin by adding a term •. F. oe to (6), where F is the second derivative tensor. In order to add the time dependence so as to satisfy the frozen turbulence hypothesis, this term would become (:•-fiat). F ß (•-GAt). When expanded,
this second-order term would add not only the terms shown in (22), but terms proportional to (At) 2, cos 2 05, sin 2 05, and cos 4, sin 4'. Using a limited data set we have found that, for 30-min time spans, the estimates of the coefficients of these terms were highly correlated with each other and consequently possessed large uncertainties, without significantly improving the fit. One method for decreasing the uncertainties of the estimates would be to include more data by using longer time spans. We have found though that just as (6) broke down when we went to longer time spans, so the second-order Taylor expansion breaks down before most of these second-order terms (22) is not consistent with frozen flow is a consequence of our not being able to determine accurately coefficients of higherorder expansions. Thus we can neither confirm nor refute the frozen flow hypothesis with these WVR data.
STATISTICAL CHARACTERIZATION OF PARAMETERS
In order to obtain a better understanding of the gradients in the vicinity of the Onsala site, we undertook a large-scale analysis of ASTRID WVR data. For this study we chose to use all Onsala WVR data from 1988, the first year in which the WVR was often performing the azimuth scans described above. Unfortunately, no data were available for February through May, when the WVR was undergoing maintenance and some upgrading. Furthermore, no data were used when the WVR brightness temperatures indicated a columnar zenith liquid water content of 0.3 mm or greater, that is, during precipitation or heavy cloud cover.
The WVR data consist of sky brightaess temperatures at both frequency bands. These sky brightness temperatures were calculated from the WVR's digital output using instrumental gains estimated from frequent tip curves; the determination of these gains was therefore potentially corrupted by the presence of gradients which were not taken into account in the analysis of the tip curves. The tip-curve data, however, were obtained in the four cardinal azimuths, so that the effects of constant gradients would average in the determinations of the instrumental gain. Furthermore, the values of the gains were averaged over several hours. Simple formulations of the effects of gradients have been preliminarily incorporated directly into the models used for tip-curve analysis, but these algorithms were not used in the analysis of the data used here. In the future, we expect gradient models to be incorporated routinely into tip-curve analyses.
The gradient analysis code operated by grouping together all the WVR data within a user-defined time period (30 min for this study). The gains having been determined as described above, the two brightness temperatures for each WVR measurement were then combined using a site-specific algorithm [e.g., Johansson et al., 1987 ] to provide an estimate of the wet delay. The so-called "oxygen correction" [e.g., Davis, 1986] was not applied (although it was applied in the gain analysis). This term represents a correction of only 2-3 mm at zenith, is slowly varying, and will thus be absorbed by the zenith delay parameter in (22).
The equivalent zenith delay values obtained from the WVR data were then used to estimate the six parameters of (22). The program then searched for the first WVR observation beginning after the group of data used for this solution, and the process continued. In this manner, we obtained "independent" estimates of the six parameters approximately every 30 min. Some 30-min spans did not contain enough data to obtain a solution (due to cuts for high liquid content, for example).
A histogram of the resulting wrms residuals is shown in Figure 8 . This distribution is somewhat broader than might be expected based on the average wrms residual, but the peak occurs at a somewhat smaller value (0.8-0.9 mm).
The monthly averages for the estimated parameters are indicated by the squares in Figures 9a-9f value is much larger than that determined by others by averaging over large (,..,100-km) distances. This result implies that for applications requiring local gradients (such as propagation delay models for geodetic studies with radio-interferometry), the use of meteorological data from widely separated stations is inadequate, although we have not undertaken a study to determine if large-scale and small-scale gradients are correlated.
The simple model we developed for the temporal and spatial variations of the wet reftactivity is adequate for times up to 30 min and elevation angles above 23.6 ø. (The model is not limited to this range of elevation angles in principle, but none of our data were acquired below this elevation angle.) Tests show that the model is inadequate for longer times, even if no gradients are present, because of the complicated stochastic like temporal behavior of the wet atmosphere. Nevertheless, our ability to fit the radiometer data implies that on these shorter timescales the local structure of the wet atmosphere can be described by a simple model, at the level of the rms residual of the WVR zenith delay estimates (,-•1 mm) .
For the WVR data presented here, the estimates of the gradient and gradient rate vectors exhibit preferred azimuths. We have not attempted to speculate as to the cause of these preferences, leaving this instead to a more detailed study of local refractive index variations. Since the Onsala WVR is located within 200 m of the sea coast, it might be expected that the presence of the ocean and attendant sea breezes play a role in forming prevailing gradients of temperature and humidity. However, since this site is on a peninsula, the sea-landatmosphere interactions could be complex, and so we have postponed interpretation of the azimuths until more data are available. Davis [1992] showed that atmospheric turbulence can affect estimates of gradient parameters from WVR data. That the WVR does not obtain an instantaneous "snapshot" of the sky means that the frozen field passing over the site can appear as prevailing gradients. However, the calculated gradients due to this effect were less than 1 mm.
